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A two-dimensional gel database of rat liver proteins 
useful in gene regulation and drug effects studies 

AstucUrd two-dimensionaJ (2-D) protein map of Fischer 344 at iiv er 
fn44MST3) is presented, with • tabular iistiag of more than 1200 protein speeiet 
SS^ 0 ^ 6 ^ 1 "^".fSDS) molecular mass ud uoelectnc point have b«n Si 
uousftefl. based on positions of numerous internal standards. This map has been 
used to connect and compare hundreds of 2-D f els of rat liver samples from a va- 
nety of studies, and forms the nueleus of an ezpandinc database deseribins rat 
L7t r l r8lem i " d th 1 ei . rre * uU « ion ^ various drup and toxic agents. An example 

iX^S^iSSST 9 ^ ° f ^°' eSter01 ^olesterolS . 

• Jugh-cholesterol diet, is presented. Since the map has been ob- 
tained with a widely used and hitbly reproducible 2-D sel system fthTlso-Dilt' 
«y«e»).u can be directly related to an expanding ^AtSXSS^SJSL 
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1 Introduction 

High-resolution two-dimensional electrophoresis of pro- 
teins, introduced in 1975 by O'Farrdl and others U-4], has 
been used over the ensuing 16 yean to examine a wide va- 
riety of biological systems, the results appearing in more 
than 5000 published papers. With the advent of computer- 
ized systems for analyzing two-dimensional (2-D) gel ima- 
ges and constructing spot databases, it is also possible to 
plan and assemble integrated bodies of information de- 
scribing the appearance and regulation of thousands of pro- 
tein gene products [5. 6]. Creating such databases involves 
amassing and organizing quantitative data from thousands 
of 2-D gels, and requires a substantial commitment in tech- 
nology and resources. 

Given the long-term effort required to develop a protein da* 
tabase. the choice of a biological system takes on consider* 
able importance. While in vitro systems are ideal foranswer- 
ing many experimental questions, especially in cancer re- 
search and genetics, our experience with cell cultures and 
tissue samples suggests that some in mo approaches could 
have major advantages. In particular, we have noticed that 
liver tissue samples from rats and mice appear to show grea- 
ter quantitative reproducibility tin terms of individual pro- 
tein expression) than replicate cell cultures.Tbis is perhaps 
a natural result of the homeostasis maintained in a com- 
plete animal vj. the well-known variability of cell cultures, 
the latter due principally to differences in reagents (r.jr 
fetal bovine serum), conditions i*.y..pH> and genetic -evo" 
lutioo" of cell lines while in culture. It is also more difficult 
to generate adequate amounts of protein from cell culture 
systems (particularly with attached cells), forcing the inves- 
tigator to resort to radioisotope-based or silver-based stain- 
detection methods. While these methods are more sensi- 
tive (sometimes much more sensitive) than the Coomassie 
Brilliant Blue (CBB) stain typically used for protein detec- 
tion in -large* protein samples, they are generally more vari- 
able, more labor-intensive and. in the case of radiographic 
methods, may generate highly -noisy* images, due to the 
properties of the films used. By contrast, large protein sam- 
ples can easily be prepared from liver using urea/Nonidet 
P-40 (NP-40) solubilization and stained with CBB. which 
has the advantage of being easily reproducible (8J. Finally 
there remains the question of the truthfulness" of many in 
vitro systems as compared to their in wVo analogs; how 
great are the changes caused by the introduction into a cul- 
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lure and the associated shift to strong selection for growth, 
and how do these affea experimental outcomes? Hence 
the apparent advantages of* nrro systems, in terms of ei- 
penmenta) manipulation, may be counterbalanced bv 
other factor* relating to 2-D data quality. 

There is a second important class of reasons for exploring 
the use of in in vivo biolopa] system such as the liver. His- 
torically, there have been t%o broad approaches to the me- 
chanistic dissection of bioAemical processes in intact cel- 
lular systems; genetics (a search for informative mutants) 
and the use of chemical ag ents (d r ugs an d chemical toxins). 

Both approaches help us to under* Land complex systems " 
by disrupting some specific functional element and show- 
mg us the result. With the development of techniques for 
genetic manipulation and cloning, the genetic approach 
can be effectively applied either in vitro or in vivo, although 
the in vitro route is usually quicker. The chemical approach 
can also be applied to either son of biological system; here, 
however, the bulk of consistently acquired information is 
in experimental animals (rats and mice). While most biolo- 
gists know a short list of compounds having specific, experi- 
mentally useful effects inhibitors of protein synthesis, 
lonophores. polymerase inhibitor*, channel blockers, nu- 
cleotide analogs, and compounds affecting polymerization 
ofcytoskeletaJ proteins), there is a much larger number of 
interesting chemicalh -induced effects, most of them char- 
acterued by toxicologisis and pharmacologists in rodent 
systems. Just as a thorough genetic analysis would involve 
saturating a genome with mutations, it is possible to ima- 
gine a saturating number of drugs, the analysis of whose ac- 
tions would reveal the complete biochemistry of the cell, 
wrtnle organized drug discovery efforts usually target spe- 
cific desired effects, the nature of the process, with its de- 
pendence on screening large numbers of compounds, ne- 
cessarily produces many unanticipated effects. It is there- 
fore reasonable to suppose that the required broad ranee of 
compounds necessary to achieve -biochemical saturation* 
may be forthcoming: in fact, it may already exist among the 
hundreds of thousands of compounds that failed to qualify 
as drugs. 



has been made in the development of mous- ra . 

mart kM«tMM«. ^..i. rut 



mu hepatoc>ne culture *»enu.a, well u « 
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mouse and rat in rivo on one level and mousT !» , f 
man in vim on a second level, and to compare Sr.? fc * 
tween species and between systems. This app»£ J * 
us to drawmformed conclusions reeardin. the bioch^ ^ 

and to offer some insight into the vaJiditv of wS*^' 
pmaches for toxicologic*! screening. W, betted *Z >* 

usage tn govemmeni-mandated tafen-testiMofd^? * Uf 
sumer products and industrial and .*SrifS;£ 

A number of interesting studies have been publish^ 
2-D mapptng to examtne effecu in the rodem I SJlS 
ber of mvestigarors have made us- of the • " 

tions ii2-i4J.mainlvin the mouse Thie w«ri- k. i7 Ww * 
wealth of genetic id*mJS5£to£ JSS£££j 
its established position as a «namma£» aaa22L? U 
uod system. While some studies JtSSSSSSK 

rat [18-23]. The examination of the cytochrome lH50«v" 

off?* rh^ r " i0nS lMd US 10 COnCludc lhal K»r 
oners the best opportunity to systematically examine ac 

amy of gene regulation systems, and ultimately to build a 
predictive model of large-scale mammalian 
The basic underlying foundation of such a project h?£Z 
able, reproducible master 2-D pattern of liver, to which oi> 
going experimental results can be referred. In this paper we 
report such a master pattern for the acidic and neutral pro- 
S ''^(pattern F344MST3). In future, this master 
will be supplemented by maps of basic protems.and analog- 
ous maps of mouse and human liver. 



Among organs, the liver is an obvious choice for the study 
of chemical effecu because of its well-known plasticity and 
responsiveness. The brain appears to be quite plastic (e.g. 
[7]] i but it is a complicated mixture of cell types requiring 
skillful dissection for most experiments. The kidnev. while 
quite responsive, also presents a potentially confounding 
mixture of cell types. The liver, by contrast, is made up of 
one predominant cell rype which is easy to solubilize: the 
hepatocyte, representing more than 95% of its mass. Most 
importantly, the liver performs many homeosutic func- 
tions that require rapid modulation of gene expression. It 
appears that most chemical agents tested affect gene ex- 
pression in the liver at some dosage (N. Leigh Anderson, 
unpublished observations), an interesting contrast to our 
earlier work with lymphocytes, for example, which seem to 
he much less responsive. Such results conform to the expec- 
tauon that cells witb a homeosutic, physiological role 
should be more plastic than cells differentiated for a pur- 
pose dependent on the -action of a limited number of spe- 
cific genes. 

The liver also allows the parallels between in vitro and -At 
vivo systems to be examined in detail. Significant progress 



2 Materials and methods 
2.1 Sample preparation 

Liver is an idea! sample material for most biochemical stud- 
ies, including 2-D analysis. A sample is taken of approxima- 
tely 0.5 g of tissue from the apical end of the left lobe of the 
liver. Solubilization is effected as rapidly as practical: * 
delay of 5-15 min appears to cause no major alteration in 
liver protein composition if the liver pieces are kept cold 
(e.g.. on ice) in the interim. In the solubilization process, 
the liver sample is weighed, placed in a glass homogenuer 
(e.g.. 15mL Wheaton); 8 volumes of solubiiizing solution* 

• The soiubiltzmg solution is composed of 2* NP-40 (Sigma). ? " 
(analytical grade. BDH or Bio-Rad). 0.5* diihioihreiiol ft** 
Sigma) and 2* earner ampholytes {pH 9-1 1 LKB : these come asa2^ 
stock solution, so 2* final concentration is achieved by making 
solution 10^9-IJ Ampholme by volume). A large batch of solubtW* 
(several hundred mL> is made and stored froien at -IO f C in ' ~*" - " 
sufficient to provide enough for one day's estimated ample 
tion requirement. Die solution is never allowed to become 
than room temperature at any stage during preparation orlM**! 1 ? 
use, since heating of concentrated urea solutions can produce e0ffl *T 
Mats that covalcntly modify proteins producing anifactual 
shifts. Once thawed, any unused solubilizer is discarded. 



1 (i.e^4 mLper Oi g tissue) and tbe mixture is ho- 
! using first the loose- and thea thes the tight-fa* 
J glass pestle. This takes approximately 5 strokes with 
& pestle and is carried out at room temperature because 
£ would crystallize out in tbe cold. Once the Itversample 
thoroughly homogenized in the solubilizcr. h is assumed 
ix ill the proteins are denatured (by lbs duotropic effect 
tbe urea and NP-40 detergent) and the enzymes inacti- 
led by the high pH i-93u Therefore these samples may 
. tept ai room temperature until they can be centrifuged 
frozen as a group (within several hours of preparation). 
ie samples are centrifuged for 6 X 1CT /min (r.g..500000 
/for 12 min using a Beekmao TL-100 centrifuge). The 
iilrifiige rotor is maintained at just belom- room tempera- 
st (*.g.. 15-20*C). but not too cold, so as to prevent the 
-capitation of urea. The centrifuge of choice is a Beckman 
LrlOO because of the sample tube sizes available, but any 
:utcentrifuge accepting smallish tubes will suffice. When 
l appropriate centrifuge is not available near the site of 
imple preparation, samples can be frozen at -80 *C and 
awed prior to centrifugation and collection of superna- 
its. Each superaaunt is carefully removed following cen- 
ifugation and aliquoied into at least 4 cisan tubes for stor- 
jeLThis is done by transferring all the supernatant to one 
teas tube, mixing this gently (to assure homogeneous 
omposition) and then dividing it into aliquots. The ali- 
uots are frozen immediately at -80*C These multiple ali- 
uots can provide insurance against a failed run or £ freezer 
rtakdown. 

U .Two-dimensional electrophoresis 

ample proteins are resolved by 2-D electrophoresis using 
he 20 X 25 cm Iso-Dalt' 2-D gel system ([26-29); pro- 
ceed by LSB and by Hoefer Scientific Instruments, San 
rrancisco) operating with 20 eels per batch. All first-dimen- 
iional isoelectric focusing (IEF) gels are prepared using the 
ame single standardized batch of carrier ampholytes 
JDH 4-8A in the present case, selected by LSB's batch- 
nesting program for rat and mouse database work**). A 10 

sample of solubilized liver protein is applied to each gel, 
ud tbe gels are run for 33 000 to 34 500 voli-bours using a 
Progressively increasing voltage protocol implemented by 
^programmable higb-voltage power supply. An Ange* 
i^ue* computer-controlled gradiem*casting system (pro- 
ceed by LSB) is used to prepare second-dimensional sod- 
ium dodecyl sulfate (SDS) polyacrylamide gradient slab 
*els in which the top 5% of the gel is 1 1 W acrvlamide, and 

lower 95 *> of the gel varies linearly from 1 1 % to 18 %T. 

2jk system has recently been modified so as to employ a 
gaimercially available 30.8 %T acrylamide/A'.A'-methyle- 
fjebisacrylamide prepared solution (thus avoiding the han- 
ging of the solid acrylamide monomer) and three addi- 
&°na] stock solutions: buffer (made from Sigma pre-set 
S*), persulfate and A'.A'./v\AM C tramethvlethylenedi- 
.S5*e (TEMED). Each gel is identified by'a computer- 
gated filter paper label polymerized into the lower left cor- 
fi* of the gel. First-dimensional IEF tube gels are loaded 

J nuterisl (succeeding certified bateherof vbicb are iviiUble from 
.oefer Scientific launimeau) hu tbe most linear pH gradient pro- 
ved by any ampholyte tested except for the Pharmacia wide range 
•fcieh hu an unacceptable tendency to bind bit>molecular weight 
die proteins, causing them to streak). 



directly (as extruded) onto the slab gels without equilibra- 
tion, and held in place by polyester fabric wedges (U'ed- 
gies * produced by LSB) to avoid the use of hot agarose. 
Second-dimensional slab gels are run overnight, in groups 
of 20, in cooled DAIT tanks (10*C) with buffer circulation. 
All run. parameters, reagent source and lot information, 
and notations of deviation from expected results are ente- 
red by the technician responsible on a detailed, multi-page 
record of the experiment. 

2J Staining 

Following SDS-elecuophoresis. slab gels are suined for 
protein using a colloidal Coomassie Blue G-250 procedure 
in covered plastic boxes, with 10 gels (totalling approxima- 
tely 2 L of gel) per box. This procedure (based on the work 
of NeuhofTP0,31D involves fixation in 1.5 L of 50* etha- 
nol and 2* phosphoric acid for 2h. three 30 min washes, 
each in 2L of cold up water, and transfer to 1 J L of 34% 
methanol, 1746 ammonium sulfate and 2 % phosphoric acid 
for 1 h, followed by the addition of a gram of powdered Coo- 
massie Blue C-250 stain. Staining requires approximately 4 
days to reach equilibrium intensity, whereupon gels are 
transferred to cool up water and their surfaces rinsed to re- 
move any particulate stain prior to scanning. Gels may be 
kept for several months in water with added sodium aide. 
The waier washes remove ethanol that would dissolve the 
stain (and render the system noncolloidal. wiih high back- 
grounds). The concentrated ammonium sulfate and meth- 
anol solution is diluted by equilibration with tbe water vol- 
ume of the gels to automatically achieve the correct final 
concentrations for colloidal staining. Practical advanuges 
of this staining approach can be summarized as follows: (i) 
the low, flat background makes computer evaluation of 
small spots (max OD < 0.02) possible, especially when 
using laser densitometry; (ii) up to 1500 spots can be reli- 
ably detected on many gels (e.g., rat liver) at loadings low 
enough to preserve excellent resolution; and (iii) reprodu- 
cibility appears to be very good: at least several hundred 
spots have coefficients of reproducibility less than 15%. 
This value is at least as good as previous CBB methods, and 
significantly better than many silver stain systems. 

2.4 Positional standardization 

The carbamylated rabbit muscle creatine phosphokinase 
(CPK) standards [32] are purchased from Pharmacia and 
BDH. Amino acid compositions, and numbers of residues 
present in proteins used for internal standardization, are 
taken from the Protein Identification Resource (PIR) se- 
quence daubase [33]. 



23 Computer analysis 

Suined slab gels are digitized in red light at 134 micron re- 
solution, using either a Molecular Dynamics laser scanner 
(with pixel sampling) or an Eikonix 78/99 CCD scanner. 
Raw digitized gel images are archived on high-density DAT 
upe (or equivalent storage media) and a greyscaie video- 
print prepared from the raw digital image as hard-copy 
backup of the gel image. Gels are processed using the Kep- 
ler 4 software system (produced by LSB), a commercially 
available workstation-based software package built on 



some of the principle* of the earlier TYCHO system B4- 
41). Procedure PROCOM is used to yield a spotlist giving 
position, shape and density information for each detected 
spot. This procedure makes use of diktat filtering, mathe- 
matical morphology techniques and digital masking to re- 
move the background, and uses full 2-D least-squares opti- 
mization to refine the parameters ofa 2-D Gaussian shape 
for each spot. Processmf parameters and Tile locations are 
stored in a relauonal database, while various log files detail, 
tng operation of tbe automatic analysis software are ar- 
chived with the reduced data. The computed resolution and 
level of Gaussian convergence of each gel are inspected 
and archived for qualit>- conirbJ purposes. — ~~ 

Experiment packages are constructed using the Kepler ex- 
periment definition database to assemble groups of 2-D 
patterns corresponding to the experimental groups (eg 
treated and control animals). Each 2-D pattern is matched 
«.!wJ ppropnilt ^master" 2-D pattern (pattern 
F344MST3 in the case of Fischer 344 rat liver), thereby 
providing iiniage to the existing rodent protein 2-D data- 
bases. The software allows experiments containing hun- 
dreds of gels to be constructed and analyzed as a unit, with 
up to 100 gels displayed on the screen at one time for com- 
parative purposes and multiple pages to accommodate ex- 
periments of > 1000 gels. For each treatment proteins 
showing significant quantitative differences vs. appropriate 
controls are selected using group-wise statistic^ parame- 
ters (e.g.. Students i-tesu Kepler* procedure STUDENT) 
Proteins satisfying various quantitative criteria (such as P< 
0.001 difference from appropriate controls) are repre- 
sented as highlighted spots onscreen or on computer-plot- 
ted protein maps and siored as spot populations (i.e., logi- 
caJ vectors) in a liver protein database. Quantitative data 
(spot parameters, statistical or other computed values) are 
stored as real-valued vectors in the database. Analysis of co- 
reguiaiion is psrformed using a Pierson produci-moment 
correlation (Kepler procedure CORREL) to determine 
whether groups of proteins are coordinaiely regulated by 
any of the treatments. Such groups can be presented graphi- 
cally on a protein map.and reported together with the statis- 
tical criteria used to assess the level of coregulation. Multi- 
variate statistical analysis (e.g., principaJ components' ana- 
lysis) is performed on data exported to SAS (SaS Institute) 



2.6 Graphical data ompot 

Sh!?? ^i 1 " 15 preparcd in GKS « d Allied 
within Kepler* into output for any of a variety of devices 
Linedrawmg output is typically prepared as Postscript and' 
printed on an Apple LaserWriter. Detailed maps presented 
here have been generated using an ultra-high-resolution 
rostscnpt-corapauble Linotronic output device. Grayscale 
graphics are reproduced from the workstation screen using 
a Setkosha videoprinter. Patterns are shown in the standard 
orientation, with high molecular mass at the top and acidic 
proteins to the left. 

2.7 Experiment LSBC04 - 

™JT e pSi dy d " Cribed here 12 -*«k-old Charles River 
ESfrf " u *'re used. Diets were prepared at LSB. 
51" a Punna S755M Basal Purified Diet. Lovastatin 
and cholestyramine were obuined as prescription pharma- 



ceuticals, ground and mixed with rh» * 
of 0.075* and l^ij^fitj"^**,, 

late in the control diet). Animal wort; 

wobioJotjcal Associates <Bethesda.MD)A^^^ 
climataed I for one week on the a£S3£!SS?** 
tro diets for one week, and sacrificed on 
daily doses oflovasuun and cholestyramine ^ , A *** 
groups were 37 mg/kg/day ^TSSS^SS^ 
based on the weight of the food consumed LivVr ** 5 - 

_ing to Jhesundard-liver -pretoeohfhu^^^ 0 "--- 
volumes of 9 * urea. 2«* NP-40 0 S*£^iX^ , ^* Uo ' 1 » * 
UCB pH 9-11 uSmJSSnii foltewe?r rCil01 - * 
uon for 30 min at 10000 X A&Kt^*/^^ 
samples were frozen. Gels were run « d«L^- PUtta 
and the data was analyzed using the l£|S? ed 
were scaled, to remove the dff5 'SlSSiS*** 

ber of matched spot, equal for each .JSSSS^ 

3 Results and discussion 
3.1 Tie rat liver protein 2-D map 

F344MST3 is a standard 2-D nattem «r~. i- 
based on the Fischer 3S ISg&SSfZ 
from a single 2-D gel and extensively edited m an e£2 

elude both small spots and well-resolved represenutioMrf 
J'I«-*bundances P o^ 

and protein characterization experiments and numlmm 

SL W n SP ^i indUC8d by »P e «r« drugsX' E£S£ 
been added as , result. A modified version incSdmg add! 
t onal spots present in the Sprague-Dawlev outbreak* 
also been developed (data not shown). Figure 1 showVa 
imsnle mrvsemsauien and Fig.2 a schenJatic ploTof i! 
masterpattem More than 1200 spots are included, most of 
whtch are visible on typical gels loaded with 10 uL ofrtubi- 
SSH™^ by sundard "ethod and 
h« ?M^M C °K l0,d t I Coomass « Blue. Master spot num- 
SStaJS. fail VC r CCn a " igned 10 *» Proteins, and ap> 
ThTi , f0 »^ng figures.each showing one quadrant of 
the pat em. Figure 3 shows the upper left (acidic, high 
molecular mass) quadrant. Fig. 4 the upper right (basic, 
high molecular mass) quadrant. Fig. 5 the lower left (acidic 
low molecular mass) quadrant, and Fig. 6 the lower right 
(basic low molecular mass) quadrant. The quadrants over- 
in*** *" a ' d lomovin « b«ween them. The gel position (to 
100 micron units), isoelectric point (relative to the CPK in- 
ternal p/standards)andSDS molecular mass (from the cali- 
bration curve in Fig. S) are listed for each spot (Table 1). Be- 
cause of the precision of the CPK-p/ values, these parame- 
ters can be used to relate spot locations between gel li- 
tems more reliably than using p/ measurements expressed 
as pH. A major objective of current studies is the identifica- 
tion of all major spots corresponding to known liver pro- 
teins, as well as rigorous definitions of subcellular on** 
nelle contents. Of particular interest to us is the parallel de- 
velopment of identifications in the rat and mouse In** 
maps,allowing detailed comparisons of gene expression e£ 
fecu in the two systems. The results of these studies will W 
presented systematically io a later edition of this daub** ' 
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ve include here i useful series of 22 orienting identifi- 
00osas an aid to other users of the rat liver pa item (Table 

r. 

2 Carfcaoylated charge standards, competed pT s and 
,*Bolecular mass staodajdtzaxion 

fcbave previously shown that the use of a system of close* 
Spaced internal p/ markers (made by carbamylating a 
isic protein) ofTers as accurate and workable solution to 
ie problem of assigning positions in the p/dimensioo [32). 
be same system, based on 36 protein species made by car* 
amylating rabbit muscle CPK. has been used here to as- 
P^s to most rai liver acidic and neutral proteins. The 
tisdards were coeleetropboresed with total liver proteins, 
ud the standard spots added to a special version of the 
outer pattern F344MST3. The gel A'-coordinates of all 
.ver protein spots lying within the CPK charge train were 
ben transformed into CPK pi positions by interpolation 
setween the positions of immediately adjacent standards 
Table 1) using a Kepler 1 vector procedure. 

t his proven possible to compute fairly accurate p/ values 
or many proteins from the amino acid composition (42]. 
Vt have attempted hers to test a further elaboration of this 
ipproach. in which we computed pfs forthe CPKstandards 
iemselves. based on our knowledge of the rabbit muscle 
ZPK sequence and the fact thai adjacent members of the 
iuuge train typically differ by blockage of one additional ly- 
sine residue (Table 3). We compared these values to similar 
mmputed pfs for an additional set of carbamylated stand- 
afc made from human hemoglobin beta chains and a se- 
ra of rat liver and human plasma proteins of known posi- 
tion and sequence (Fig. '.Table 4).Tbe result demonstrates 
good concordance between these systems. Two proteins 
show significant deviations: liver fatty-acid binding protein 
(FAfiP; #1 in Table 4) and protein disulphide isomerase 
(#20 in the table). The FABP spot present on F344MST3 
may represent a charge-modified version of a more basic 
parent spot closer to the expected p/, not resolved in the 
IEF/SDS gel. Of particular importance is the fact that, by 
comparing computed pfs of sequenced but unlocated pro- 
teins with the CPK p/s, we can assign a probable gel loca- 
tion without making any assumptions regarding the actual 
r:l pH gradient. This ofTers a useful shortcut, given the va- 
lines of pH measurement on small diameter IEF gels. We 
Sve used this approach to compute the CPK p/s of all rat 

t mouse proteins in the PIR sequence database, as an aid 
rotein identification (data not shown). 
_ rder to standardize SDS molecular weight (SDS-MW), 
Jj have used a standard curve fitted to a series of identified 
£j?teins (Fig. 8). Rather than using molecular mass perse, 
V have elected to use the number of amino acids in the 
polypeptide chain, as perhaps a better indication of the 
£$Sih of the SDS-coated rod that is sieved by the second 
ension slab. The resulting values were multiplied by 
(the weighted average mass of amino acids in se- 
enced proteins) to give predicted molecular masses. Be- 
se we use gradient slabs, we have not constrained the fit- 
curve to conform to any predetermined model; rather 
* tried many equations and selected the best using the 
Pam "Tablecurve" on a PC. The equation chosen was> 
" bx+ c/r\ where .vis the number of residues,xis the gel 



^coordinate, a is 51 1.83, b is -0-273 1 and e is 33 1 S380 1 . The 
resulting fit appears to be fairly good over a broad range of 
molecular mass. 

3J An example of nt liver gene regulation: Cholesterol 
meuboliso 

Experiment LSBC04 was designed as a small-scale test of 
the regulation of cholesterol metabolism in vivo by three 
agents included in the diet: lovastatin (Mevacor 1 . an inhibi- 
tor of HMG-CoA reductase); cholestyramine (a bile acid 
sequestrant that has the effect of removing cholesterol 
from the gut-liver recirculation); and cholesterol itself. "The 
first two agents should lower available cholesterol and the 
third should raise it, allowing manipulation of relevant 
gene expression control systems in both directions. Such 
an experiment ofTers an interesting test of the 2-D mapping 
system since most of the pathway enzymes are present in 
low abundance, many are membrane-bound and difficult 
to solubilize.and the pathway itself is complex. Approxima- 
tely 1000 proteins were separated and detected in liver ho* 
mogenates. Twenty-one proteins were found to be affected 
by at least one treatment, and these could be divided into 
several coregulated groups. 

33.1 MSN 413 (putative cytosolic HMG-CoA synthase) 
and sets of spots regulated coordinate!} or inversely 

One group of spots (including a spot assigned to the cyto- 
solic HMG-CoA synthase, MSN 413) showed the expected 
increase in abundance with lovastatin or cholestyramine, 
the synergistic further increase with lovastatin and choles- 
tyramine, and a dramatic decrease with the high cholesterol 
diet. Spot number 413 is the most strongly regulated pro- 
tein in the present experiment, showing a 5- to 10-fold in- 
duction after a 1 week treatment with 0.075 % lovastatin and 
1 % cholestyramine in the diet (Figs. 9 and 10). Its expres- 
sion follows precisely the expectation for an enzyme whose 
abundance is controlled by the cholesterol level; it is pro- 
gressively increased from the control levels by cholestyra- 
mine, lovastatin and lovastatin plus cholestyramine, and it 
sinks below the threshold of detection in animals fed the 
high cholesterol diet. This spot has been tentatively identi- 
fied as the cytosolic HMG-CoA synthase, based on a reac- 
tion with an antiserum to that protein provided by Dr. Mi- 
chael Greenspan at Merck Sharp L Dohme Research Labo- 
ratories. This enzyme lies immediately before HMG-CoA 
reductase in the liver cholesterol biosynthesis pathway, and 
is known to be co-regulated with it. Spot 413 has an SDS 
molecular weight of about 54 000 and a CPK pi of -11.4, in 
reasonably close agreement with a molecular weight of 
57300 and a CPK pi of -15.7 computed from the known se- 
quence of the hamster enzyme (43). 

Using a classical product-moment correlation test (Kepler 
procedure CORREL), a series of five additional spots was 
found to be coregulated with 4 13. The level of correlation 
was exceedingly high (> 95%). Two of these, 1250 and 933, 
are at similar molecular weights and approximately one 
charge more acidic than 413 (Fig. 9), indicating that they 
may be covalently modified forms of the 413 polypeptide. 
This suspicion is strengthened by the observation that both 
spots are also stained by the antibody to cytosolic HMG- 
CoA synthase. The remaining three correlated spots appear 



to comprise aa additional related Mir ( im )mit , 
around 40 kDa and a sinzle iJTrmo. , n6 l00,) of 

verse of that ^^iuSScPJ^JL fft 5?^ 
data no, shown,. For these W^tea^fJ^ 
press.on occurs with exposure to lovasSS ehS? 
mine and the highMyeveiupon exoosure a?ih^? f 5 *" 

about one charge apan at the umc .SSJjgLyj* 
may thus be isoforms of a single iTOataThTK 
spots probably represent additional JS^S^ 

222 MSN 235 and eoregulated spots 

A third group or five spou. mainly comprised of mitoehon. 
dnal prowai .ndudtng putative mitochondria? HMr?" 
CoA synthase spou.sbowed a modest adnata by lovtlS* 
»n alone, but little or no effect with axTv of Ae othi^" 
ments including the combination of£a«at£ 
mm,ne; F,g. 12). This result is tntrigumg^Su? Iotas* 

drial. Three of the spots (235 134 li\ fo™? h 
packed triad at approximate* joxD«.„ 0 %TuLw T*' 
present isoforms of one nrotein aimk,. dy 10 re " 

by an antibody ^SS^S^S?^! 

each present at lower abundance than the memoe^of E 



"Wig information from large sets of remlV ^ of witf. 

«pre«,on among the five individSu of ^ ,rreU,n - 
eholestynmiBe treatment group This effrc. a * U,,n «« 
difference, in toul protein tSS^fe" «" *• * 

b £E«?^byseaiin^ 



3-3 J At, example of u aMi-synerpsue eIIect 

strates that lovamtm >nH ^uli an effccI d«non- 

-.ythrou^r^Tre^^^^ 

3 J.4 Complexity of the cholesterol syathesis pathway 

Pathways t^MoZ^SS^"* »»!»*ondrial 
other hand, either Solte Sta -?k— ny,amine - on 11,8 
produces a strong effea fl ,hf mb,naUon iovastatin. 
but little or no eff e « o?,L PUU " Ve Cyt0soIic patnw »* 
way. An explanatS, f £ t£ rf T l ' Ve mit0 *°n1rial path- 
Un's effect on lev°£ tf£fi£r?f BU J My Ue in ,ovasu - 
compound, that £e S^ff* Uld reUted precur *» 
the mitochondrion whcfeSSli! WCe0 the Cyl0J ° 1 " d 

ol and bile acid leveU J 2iS" f? y 5°»w>»«« by cholester- 
•u levels, a remains to be explained why some 



cholestyramine treatment group This effcr, a * U,,n « 
d-fference, i„ «*! proie in iSJSS^" « due - 

ferent reguUuon patterns ean he h qu,, « dif- 

WKSuch effectt raise *US££SES2" *» 
lauon sets may be imiSSKl^^r*^ 
cenuy large population of controfaninlS f ° f ' »""■ 
«X experimental oanipuUtionJ^i^^i' - *' iu,0 « 
™ w *Wologicalvariatfcninw^^ 
drug effects, offer, an mp^^^SS^a 
uon of a Urge library ifcw3Si--»» 

4 Conclusions 

comprehensive database of iw^!£?£? na necd for « 
ter pattern pm^Z^S^^lT m ^ 
presenution of this system having- a »**a"»» re- 

minted ,0xico1 ^ » *-T * 
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human hemoglobio 0 duia. Tilled diamonds) and **»«Ti I.L 

by the squares are indicated by the numbers in ,epfcttm * 
on (a); these refer to Table 4 W C °' TtlpoBd,B ' 



/ixvffp. MontateshowinieiTeetsinibr 
region of MSN 4 U. The monuf c tho« • 
small window into one portion of the M> 
pattern, one row of windows for each csr** 
nmental group, and one panel for etch f«J 
in the cxpenmeni. The lefi-mosi p*u** 
in eacn row » a group-specific copyof ihf 
muter pattern followed by the pstirm* 
for the five individual rats in ihe group- 
The highlighted protein spots (filled oft" 
les) arc spot 413 (on the right of each P** 
el; identified as eytosolic HMO-CoAf?» 
thaie) and two modified forms of » 
and 933). From the top. the rows <««P tfr 
mental groups) are: high cholesterol- eo»* 
trols, cholestyramine, lovastatin. and so* 
ttttin plus cholestyramine 
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5.000 10J» ,5.000 2O000 ^0~ 

Protein Abundance 



30.000 *J r « cu of *««ous treatment* on the 

abundance of MSN:4i3 (cyiosolie KMC* 
c*A synthase) is the gels of Fig. f . 




FtptrtIL Bargraphs of a tenet of six core- 
luUied spots including MSN:413. In the 
bargraphs. the abundances of the appro- 
priate spot (muter spot Dumber shown at 
the top of the panel) in each animaJ are 
shown. 7he five five-animal groups are in 
the order (left to right): high cholesterol, 
controls, cholestyramine, lovastatia, and 
lovasutin plus cholestyramine. Each bar 
within a group represents one experimen- 
ui animal Uver(one2.Dgel). Note the cor- 
reUted expression of the < spou. espe- 
cially in the two far right (most strongly in- 
duced) groups. 
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F't»>t /:. Dau on a second corttuutr- 
rrourofspou.preaemedaiiRFij I] 7> 
fourth experimental group Uorasuu/ 
*aowa « modest induction. »hile the fiftr 
roup Ooymuoa plus eholenynmm,, 
does not. 
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Table 4. Computed pfi of iomc toow* proems reined 10 measure* CFK p/i 
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